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Abstract 



We investigate the structure of the scalar mesons /o(975) and ao(980) within 



^ , reahstic meson-exchange models of the vrvr and nrj interactions. Starting from 

H : 

a modified version of the Jiilich model for vrvr scattering we perform an analysis 
of the pole structure of the resulting scattering amplitude and find, in con- 
trast to existing models, a somewhat large mass for the /o(975) (mjg = 1015 
MeV, Tfg = 30 MeV). It is shown that our model provides a description of 
J/tp — > (pTiTT / (j)K K data comparable in quality with those of alternative mod- 
els. Furthermore, the formalism developed for the vrvr system is consistently 
extended to the ttt] interaction leading to a description of the ao(980) as a 
dynamically generated threshold effect (which is therefore neither a conven- 
tional qq state nor a KK bound state). Exploring the corresponding pole 



position the ao(980) is found to be rather broad (m-ay = 991 MeV, Tag = 202 

MeV). The experimentahy observed smaller width results from the influence 

of the nearby KK threshold on this pole. 
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I. INTRODUCTION 

With increasing experimental information about the different members of the meson 
spectrum it becomes more and more important to develop a consistent understanding of the 
observed mesons from a theoretical point of view. For the low lying pseudoscalar, vector 
and tensor mesons this has been done quite successfully within the framework of the simple 
quark model assuming the mesons to be quark-antiquark {qq) states grouped together into 
nonets. For the scalar mesons, however, several questions still remain to be answered, most 
of them being related to the nature of the experimentally observed mesons /o(975) and 
ao(980). 

In a long standing controversial discussion the /o(975) has been described as, for example, 
a conventional qq meson |]l|, a KK molecule 0] or a multiquark state 0. In order to 
discriminate between different models Morgan and Pennington [^^ recently investigated 
new data on the decay J/ip -^ (pim/ ipKK p,^ concluding that a conventional Breit-Wigner 
(i.e. qq) structure is most probable for the /o(975). They claim that the tit^/ KK amplitude 
is characterized by two poles near the KK threshold on the \bt] (second) and \bh\ (third) 
sheet (see Ref. ^ and Sec. II for sheet structure and notation). In the Jiilich model of the vrvr 
interaction the /o(975) appears to be a pure KK bound state generated dynamically by 
vector- meson exchange. Such a state has only one nearby pole on the \bt] sheet, a structure 
seemingly disfavored by the results of Ref. @]. However, it has been pointed out by Zou and 
Bugg [0 that a model with only one nearby [6t] sheet pole (similar to a KK bound state) 
but a very broad \bh\ sheet pole is also compatible with the J /ip data. We have therefore 
fitted this data with the im jKK amplitude resulting from our meson-exchange model and 
obtained a description comparable in quality with those of the alternative models discussed 
above. This seems to support very recent developments [|lT| that J j^l) decay may no longer 



be regarded as the crucial discriminant for the structure of the /o(975). 

What turns out to be quite different in our analysis is the rather large mass (interpreted 
as the pole position) of the /o(975) (m/o = 1.015 GeV, see Sec. Ill) which is a consequence 



of its KK bound state nature in combination with a rather strong couphng between tttt and 
KK channels. While there has been considerable discussion in the literature concerning the 
width of the /o(975) |]5|, p!0| , p!2| , there seems to be a consensus that the mass lies between 0.97 
and 1.0 GeV. Interestingly, our value for the mass is somewhat larger than this due to the 
strong influence of the KK threshold. 

Closely related to the /o(975) is the ao(980) which is observed in the Ttr] channel. Both 
mesons couple to the KK channel and their masses lie very close to the KK threshold. 
As with the /o(975), the nature of the ao(980) is still under discussion, especially since 
the available experimental information about vr?] scattering is rather poor compared to vrvr 
scattering |l^. In Ref. ^ the /o(975) and ao(980) emerge from a non-relativistic quark 



model calculation to be degenerate KK bound states. However, while the Jiilich model of 
the TTTT interaction comes to the same conclusion for the /o(975) the situation turns out to be 
rather different for the ao(980). The KK interaction generated by vector-meson exchange, 
which for isospin J = is strong enough to generate a bound state, is much weaker for J = 1 
making a degeneracy of ao(980) and /o(975) impossible. 

It is therefore one aim of this paper to address the question of whether the close relation 
between ao(980) and /o(975) expressed by their similar properties (masses, proximity to 
KK threshold, etc.) can be understood in the framework of our meson-exchange model. By 
extending the vrvr model consistently to the vr?] system we find that this is indeed possible. We 
obtain a model where both the ao(980) and /o(975) originate from the coupling to the KK 
channel. However, the underlying structure turns out to be quite different. In contrast to the 
/o(975), the ao(980) would not appear to be a KK bound state but a dynamically generated 
threshold effect with a relatively broad pole on the [6t] sheet. We find poles responsible for 
the observed ao(980) and /o(975) at complex energies (KeE^lavE) = (991, ±101) MeV and 
(1015, ±15) MeV respectively. Despite such different pole positions, the observed position 
and width of the structure in the cross sections turn out to be rather similar. This is directly 
attributable to the proximity of the KK threshold at 991 MeV. 



Section II contains the basic ingredients of our model for vrvr and ttt] scattering as well as 
the underlying formalism relevant for the investigation of the /o(975) and ao(980). Results 
are presented and discussed in Sec. III. The paper ends with concluding remarks in Sec. IV. 

II. MODEL 



In order to understand the underlying structure of the scalar mesons /o(975) and ao(980) 
(referred to as /o and Oq in the following) we have to develop realistic models for tttt and ttt) 
scattering respectively. The basis for the present work is the Jiilich meson exchange model 
for the vrvr interaction whose evaluation has been discussed in detail in former work P,p!4 



Compared to the original version some modifications have been performed which will be 
discussed in the following. 

The potentials for tttt ^ tttt, tttt ^ KK and KK -^ KK are generated from the 
diagrams shown in Fig. |1|. The figure shows only s- and t-channel diagrams; w-channel 
processes corresponding to the included t-channel processes are also included when they 
contribute. The scalar-isoscalar particle denoted by e in Fig. |I] effectively includes the 
singlet and the octet member of the scalar nonet. We investigated the effects of t-channel 
/2(1270) and e exchange but found their effects to be neghgible. Hence, the results presented 
here do not include them. For completeness we have also added the s-channel pole diagrams 
7171 /KK —>■ e, p, /2 — > 7[7T /KK, which enable a unified description of all partial waves. 
However, the s-channel p and /2 poles do not contribute to the description of the /o(975) or 
ao(980). 

The coupling constant gpT^, required for t- and -u-channel exchange diagrams, is deter- 
mined from the decay widths of the p. The s-channel e, p and /2 exchanges are renormalized 
by solving Eq. (|I|) below, so the bare couplings and bare masses are adjusted to reproduce 
experimental data in the appropriate partial waves. All remaining coupling constants are de- 
termined from SU(3) symmetry relations, and standard assumptions about the octet/singlet 
mixing angles, as demonstrated in Ref. [^] (see Tables | and y). 



The scattering amplitudes are obtained by iterating these potentials by using a coupled 
channel scattering equation. We follow the approach of ||T^ and use the Blankenbecler-Sugar 
formalism (BbS, [jT5[) rather than time-ordered perturbation theory 0. The partial wave 
decomposed, coupled channel scattering amplitude Tij [i,j = 7nT{nri),KK] indices for total 
angular momentum and isospin are suppressed] is therefore given by 

T,,{k', k; E) = V,j{k', k-E) + Y.I dk"k"\i{k', k"; E) 

I -^ 
xGi{k";E)Ti,{k",k;E) 

(1) 

where E = ^/s denotes the total center of mass energy. 

The BbS two-meson propagator for channel / is denoted Gi{k"; E) and can be written as 

^'^^"' ^^ = (27r)32.;i.;2 {E^ - (^i + ^2)^) ^^^ 

where uji and UJ2 are the on-mass shell energies for particle 1 and 2 respectively, uja = 



y/k""^ + rria ■ The on-shell momentum k^ for channel / is defined by the singularity of Gi to 

be 

J{E'^ - (mi + m2Y){E'^ - (mi - 1112)'^) 
ko = ^ (3) 

In order to determine the correct values for the mass and width of the /o as they are 
predicted by our model, it is necessary to explore the position of the poles of the scattering 
amplitude T. This can only be done by taking into account the sheet structure of the 
scattering amplitude which is imposed by the existence of vrvr and KK thresholds. We 
will use the notation of P] for referring to the various sheets using a two character string 
composed of the letters t and b to signify on which sheet of each threshold the energy lies. 
The conventional second sheet, for example, is therefore denoted by [bt] indicating that the 
energy is on the bottom sheet of the vrvr channel and the top sheet of the KK channel. The 
sheet definition is visualized in Fig. 0. 

To determine the poles of the scattering amplitude Tij generated by Eq. (|ip we solve the 



following eigenvalue equation |T^ 



^[X{E)Su - Va{E)Gi{E)]UE) ^ E ^K^) = 0, (4) 

I I 

where (t>i{E) denotes the eigenfunction for channel /, and search for complex energies Er 
that result in an eigenvalue \{E^) = 1. 

When the integral appearing in the momentum representation of Eq. (^ is performed, 
care must be taken to avoid the poles of Gi and to take into account the multi-sheet structure 
of Tij. Following the approach of Ref. P| this can be done for physical (i.e., on the top sheet) 
energies Ef simply by rotating the contour of integration into the complex plane. For energies 
Eh on the bottom sheet of threshold / the residue of the pole of Gi{k"; E) at k" = —kQ must 
be included. In summary we obtain M 



Ii{Et) = f dk"k"^[X{Et)6ik - k")6u 

-Vu{k, k"; Et)Gi{k"; E^)]Uk"- E^) (5) 



and 



k{E,)= I dk"k"\\{E,)5{k-k")5a 

-Va{kX\E,)Gi{k!'-E,)\4>,{k!'-E^) 



-27rz^i^|^r,z(A;, -k^; E,)M-ko; E,) (6) 

where the contour C is as shown in Fig. ^(a) for Im(£') > and as in Fig. ^(b) for Im(£') < 0. 
In practice, we implement this by using a Gaussian quadrature rule to reduce Eqs. (§)-(|D 
to a matrix eigenvalue equation, and then set A = 1 and search for energies such that 

det[l- V{E)G{E)] = Q. (7) 

In solving Eq. (H), problems may arise from the t- and w-channel contributions to the 
potential Vu. Inserting the off-shell prescription of the BbS formalism (see Appendix A) we 
obtain for the t-channel diagrams (and analogously for the w-channel) 

Vu{k\k-E)^[t-M^Y^ 

= [-k^-k'^ + 2kk'cose-M^Y^ (8) 



where M denotes the mass of the exchanged particle and 9 is the scattering angle. For a 
fully off-shell potential this propagator never becomes singular since k and k' vary along the 
same rotated contour. This is not true, however, for the half off-shell potentials appearing in 
Eq. (^ which leads to a restriction on the energy region that can be be searched using this 
method. We have calculated the locations of all these singularities in the complex energy 
plane and found them to be far away from the energy region of interest to this investigation. 
This is also true for the ttt] channel where the equivalent of Eq. (H) looks more complicated 
due to the unequal masses. 

The formalism for calculating the J /if) — > (pirn/ (pKK mass spectra has been described in 
detail in Ref. |jlO|. The input is the im /KK amplitudes Tij which in our model are generated 



by Eq. (|l]). Our amplitudes are normalized differently to those of Ref. [|10|, with the relation 
between the two being given by 

tJ^°1 = [647r2]-iT,,. (9) 

Since the difference is just a constant factor it is absorbed in the overall normalization of 
the J /ip mass spectra. The amplitudes for J /ip decay are given by 

r 1 1/2 
F{^ -^ 07r+7r") = [IJ [ai(s)Tii + a2(s)T2i], 

F{ij^(j)K+K-) = [|]'^'[ai(s)Ti2 + a2(s)T22], (10) 

with the real coupling functions «« parameterized by 

«i(s) =7io + 7iiS (11) 

where 7^0 and 7ji are free parameters. The experimentally observed mass spectra are then 
formed from the modulus squared of these amplitudes multiplied by phase space and an 
overall normalization factor. 

Finally, we develop our formalism for the irr] interaction in order to obtain an under- 
standing of the ao meson. As for the /o, we include the coupling to the KK channel, where 
the corresponding direct KK interaction is taken to be exactly the same as for the tttt case, 

8 



projected now onto isospin 1 = 1. In addition, our model includes the t-channel K* ex- 
change diagram shown in Fig. |^ (and corresponding u-channel diagram) which couples the 
711] channel to KK. The spin-momentum structure of this potential is given by the same 
general expression for the interaction between two pseudoscalar particles which has been 
derived for the tttt interaction (see Ref. [^ and Appendix A). The potential corresponding 
to Fig. ^ is obtained by using the appropriate coupling constants and isospin factors (Tables 
I and fVl) and the BbS off-shell prescription for different-mass particles (Appendix A). 



Since the coupling constant Qt^kk* is related by SU(3) symmetry to gp^-K, the entire ttt^ 
T-matrix is obtained with the addition of only one new parameter, the cutoff mass KriKK*- 

The 717] scattering amplitude T and the location of its poles follow from exactly the same 
formalism as was developed for the vrvr interaction. Since the e and /2 t-channel exchanges 
were found to be negligible, this model does not include any direct txt] -^ tti] potential. 

III. RESULTS AND DISCUSSION 

Having specified all of the relevant formalism, we first look at elastic tttt scattering where 
we essentially reproduce the results of Ref. P| within our modified model. Figure |^ shows 
the result of our fit to experimental data for the JI = 00 (/o) partial wave as well as for 
JI = 02, 11, 20 and 22 with the complete set of parameters given in Tables |-JT|. As could 



be expected from Refs. MpM "we obtain quite good overall agreement with the experimental 
situation. The quality of the total fit obtained with a relatively small number of parameters 
demonstrates the validity of the model. In particular we note that t-channel p exchange is 
the sole contributor to J I = 02 and 22, and, as can be seen in the dotted curve in Fig. |^, 
provides a substantial part of the low energy JI = 00 interaction. This suggests that the 
spin-isospin structure provided by the t-channel meson exchanges arising from a Lagrangian 
with effective meson degrees of freedom is substantively correct. 

In particular we are able to describe the structure appearing around 1.0 GeV in the 
isoscalar tttt S-wave which is assigned to the /o meson. In our model this resonance like 
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behavior is generated dynamically by the strong attraction arising from p, uo and exchange 
in the KK channel and we therefore do not need a genuine scalar resonance with mass around 
1.0 GeV. This is demonstrated for 5qq by the dashed line in Fig. |^ where we have excluded 
the s-channel e pole diagram. On the other hand, it is definitely necessary to include a heavy 
scalar particle, namely the e with mass around 1.4 GeV, to describe the experimental data 
beyond 1.0 GeV (see the solid line in Fig. 1). This particle may be interpreted as the member 
of the scalar nonet; i.e., it effectively parameterizes the effect of both the isoscalar singlet 
and octet contributions and any other higher mass states present in the scalar-isoscalar 
spectrum. For smaller energies {E ~ 0.5 GeV) the tttt S-wave is characterized by a sizable 
phase shift dominantly generated by t-channel p exchange. The corresponding attraction 
between the two pions forms a broad background to the /o (dotted curve in Fig. ^. 

Having obtained a model which is able to describe experimental data on elastic vrvr 
scattering, we are now in a position to discuss the pole positions of the scattering amplitude 
in the isoscalar tttt S-wave. 

Looking at smaller energies first, we find a very broad pole on the \bt\ sheet at complex 
energy {ReE, liaE) = (387, ±305) MeV and its shadow-pole counterpart p[ on the [bb] sheet 
at (314, ±428) MeV (see Table |V|). At vanishing tttt/KK coupling this pole is found on both 
KK sheets at the same position but when the coupling is increased they move apart. This 
is demonstrated in Fig. ^ where we turned off the tttc/KK coupling gradually, thus proving 
that we have really found a pole and its corresponding shadow pole. This shows that these 
poles are generated by the strong t-channel p exchange in the tttt -^ tttt potential. The pole 
closest to the physical region, namely the one on [bt], is the origin of the large tttt S-wave 
phase shifts below 1.0 GeV (see 6oo in Fig. ^. Following Ref. [|10[ we denote it (t(400). 

We find an additional pair of connected poles at lower energies (Re(i5)~500 MeV) on 
sheets [tb] and [bb] indicating that this time the origin is the direct KK interaction. However, 
since both [tb] and [bb] poles are far away from the physical region they do not have any effect 
on physical observables and are therefore quite unimportant for the present investigation. 

Looking at higher energies, we find the poles generated by the e s-channel diagram 
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necessary to describe data above 1.0 GeV. Including exclusively this diagram and turning 
off the Ti'K /KK coupling a pole is found at (1354, ±167) MeV on \bt] and \bh\ sheets (Fig. 
1^, point A). The t-channel contributions to the tttt potential shift both poles to point B 
of Fig. 1^ before they move apart when the t^ti/ KK coupling is increased. Whereas the 
physically unimportant \bt\ pole moves to very high energies the \bh\ pole is finally found 
at (1346, ±249) MeV (see Table 0). This pole, lying closest to the physical region, defines 
the parameters of the genuine scalar particle which effectively includes the singlet and the 
octet member of the scalar nonet. We denote it by /o(1400) although it is more likely an 
effective parameterization of two scalar resonances, such as /o(1400) and /o(1590). Both 
poles, cr(400) and /o(1400) form a background to the /o(975). A similar structure has been 
observed in Ref. [|1^. 

Next we investigate the energy region around the KK threshold and find a single pole 
on the \bt\ sheet at (1015, ±15) MeV which clearly has to be assigned to the /o meson and 
to the corresponding structure in tttt phase shifts and inelasticities. We therefore obtain 

m/o = 1015 MeV; F/^ = 30 MeV. (12) 

In the zero -rni jKK coupling limit the pole moves back to (985, 0) MeV (i.e., on the real 
axis and below the KK threshold) and appears on sheets [tt] and [6t] (see Fig. H). This 
demonstrates the bound state nature of the /o within our model. 

Compared to other models [§|,|12| we find a rather high mass (when interpreted as the 
pole position) for the /q. This is a consequence of the relatively strong coupling between 
the TTTT and KK channels which moves the pole from the real axis to its final position. A 
similar movement of a bound state pole to energies above the corresponding threshold was 
already found in Ref. [^ and as the strength of the im jKK coupling is constrained by the 
fit to experimental data, the relatively high mass seems to be a more general feature of our 
bound state model for the /q. 

The fact that the pole is on the [6t] sheet and above the KK threshold means that its 
effect will be seen most strongly at the threshold. This can be seen in, for example, the 
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partial wave cross section which is shown in Fig. ^. The most evident feature is the strong 
dip in the cross section which occurs precisely at the KK threshold. There is no structure 
evident near the pole at (1015, ±15) MeV. Clearly it is insufficient to simply quote the mass 
parameters of the /o(975) without describing in detail how the threshold is incorporated 
since the two are inextricably linked. 

For completeness, we finally look at the p {JI = 11) channel. As could be expected 
we observe a pole on the [bt] sheet and an unimportant shadow pole on the [bb] sheet with 
the position of the former found at (775, ±82) MeV. The deviation from the usually given 
Breit-Wigner parameters {nip = 768.1 MeV; Tp/2 =76 MeV) is due to the existence of a 
non-pole background generated by the t-channel diagrams. 

So far we have discussed a model for vrvr scattering which is able to produce quite sat- 
isfactory agreement with experimental data and leads to a KK bound state structure for 
the /o meson. However, as was discussed in the introduction, it has been pointed out by 
Morgan and Pennington 0,|^ that information on elastic vrvr scattering is not sufficient to 
discriminate between alternative models for the structure of the /q. Whereas they claim 
that the decay J/i/j -^ (pTm/cjyKK demands two poles nearby the KK threshold on sheets 
\bt\ and [66] , Zou and Bugg [|TU[ recently found that a solution with only one nearby [6t] pole 
is also compatible with the experimental situation. The latter model contains an additional 
\bh\ sheet pole but since its position is far away from KK threshold the pole structure is 
similar to those of our KK bound state model. 

Figure [1^ shows the result of our ffi to the J /ip decay data from DM2 and MK3 [0. 



The ffi was obtained using {710, 7ii,720; 721} = {7.716,-16.399,24.670,-9.418} (see Eq. 
(|ll|)) (710 and 720 are dimensionless while 711 and 721 are in GeV~^). The ffi demonstrates 
that our model is able to reproduce this data quite well. Moreover, the quality of the 
ffi is strictly comparable in quality with those of alternative models [§,|13] leading to the 
conclusion that the bound state structure of the /o is not disfavored by the J /ip criterion. 
This finding is in agreement with a very recent development calling into question the role 



of the J /ip decay as a crucial discriminant between different models for the /o ITT 
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Next we turn our attention to the nt] channel and the structure of the oq. It was already 
pointed out that we want to extend the concepts applied to the tttt interaction consistently 
to the TTi] system; therefore, the KK interaction required for a tttj/KK coupled-channel 
approach is taken to be exactly the same as for the vrvr case (projected now onto isospin 
/ = 1). However, as can be seen from Tables | and ^V\, the important p exchange between 
two kaons becomes repulsive for isospin 1=1 destroying the KK bound state we found for 
/=0. To illustrate this we considered only the direct KK interaction and gradually changed 



the isospin factor for p exchange from —3 to 1. Figure shows the motion of the bound 
state pole that results. As the KK interaction decreases the bound-state pole on the [bt] 
{=[tt]) sheet crosses the KK threshold to the [tb] {=[bb]) sheet and moves down along the 
real axis to energies far away from KK threshold. 

Although the preceding remarks rule out a KK bound-state (or anti-bound state) struc- 
ture for the Oo our consistent meson exchange framework allows us to proceeded anyway to 
construct a model for ni] scattering as described in Section II. As already noted, only one 
additional parameter is needed, namely the cutoff mass A^ikk* ■ Before we discuss our results 
some remarks should be made concerning the available experimental information which, in 
contrast to the vrvr interaction, is rather poor for the tti] case. The parameters of the oq 
have been derived indirectly from the mass spectra of relatively complicated processes like 
pp —>■ pprj-K^Ti^ [|13| and recent values obtained from conventional Breit-Wigner fits are 



m, 
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(983 ± 2) MeV; r„„ = (57 ± 11) MeV [13], 



mao = (984 ± 4) MeV; r^^ = (95 ± 14) MeV 0. (13) 



We note that there would still appear to be some uncertainty concerning the width of the 
oq. Interestingly, the Particle Data Group ||I3| choose to exclude the results of Ref. |T^ from 



their averaged width. This seems surprising since (a) it was derived from a larger event 
sample than any of the values they did include, (b) it is from a more recent publication than 
any value included, the most recent value included being ten years older, and (c) they did 



include the results of Ref. IJT^ in their mass average. As we will see, our results favor the 

13 



larger width obtained by Ref. [^ . 



Figure |T2|(a) shows the sensitivity of our calculation for the to] cross section on the only 
remaining relevant parameter not constrained by the tttt system, namely the cutoff mass 

Although the shape of the cross section depends on the parameter choice we always 
observe a peak around the KK threshold. Looking at the pole structure of the corresponding 
ITT] T-matrix a single pole on the [bt] sheet is found for each value of A^jkr* [Fig. [l3(b)]. For 
a pole position below KK threshold the corresponding cross sections have a rounded peak 
form whereas for values above (where a [bb] pole at the same position would be closer to the 
physical region) we observe a cusp structure. 

In order to get a feeling for the origin of the observed [bt] pole we have excluded the direct 



KK interaction in Fig. |T^. Although the pole is now always found above KK threshold 
it is still present. We therefore conclude it must originate from the transition potential 
7T1] -^ KK and hence is a dynamically generated effect of the opening of the KK channel. 
However, the direct KK interaction appears to be an important contribution in order to 
obtain reasonable agreement with experimental information. It is obvious that the cusp-like 
cross sections of Fig. |T3|(a) do not yield Qq parameters in agreement with the Breit-Wigner 
fits summarized in Eq. (plsl) . 

Compared to K* exchange in the tttt -^ KK transition potential, the corresponding 
diagram for nrj -^ KK appears to be stronger. This can already be seen by calculating 
the factor C of Eq. (^ for K* exchange yielding C{7ir] -^ KK)=^C {titi -^ KK). In 
addition, the total titt/ KK transition potential is reduced by a partial cancellation between 



K* t-channel and e s-channel exchange. Figure |T^ demonstrates the crucial role of the 
TTT] -^ KK coupling strength for the a^ structure. When this coupling is decreased only 
slightly the \bt\ pole moves to an energy region where it no longer has any effect on physical 
observables. 



Figure |T3| shows the cross section for our full model with A,jkk* adjusted so that a Breit- 



Wigner fit to our calculated cross section roughly agrees with that obtained by fits to the 
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available data [|T3| , p!7| . The mass and width of the oq determined from this cross section are 



rriao — 985 MeV and r^o ~ 110 MeV, in reasonable agreement with the experimental values 



of Ref. [|T7|. It is not possible in our model to obtain the smaller width reported by Ref. |]13 
The 'real' values for the ao parameters, however, can only be obtained from the position of 
the pole and so we finally find in our model 

ruao = 991 MeV; r„, = 202 MeV. (14) 

The Oo width determined from our pole analysis turns out to be much larger than the 
standard values [Eq. (|13|)]. The observed narrower peak in the cross section is a consequence 



of the closeness to the KK threshold. This is in agreement with other investigations |[T8|JT9| 
which also find that the ao is not really narrow. 

IV. CONCLUSIONS 



In summary, we have investigated the structure of the scalar mesons /o(975) and ao(980) 
in the framework of a meson exchange model for tttt and tti] scattering. The latter has been 
obtained by a consistent extension of the Jiilich model for the vrvr interaction 0. 

Our solution for the vrvr scattering amplitude is shown to be compatible with the available 
experimental data sets. In particular, we are able to describe data on J/ip -^ (pn-K / (j)K K 
decay which has been considered to be an important testing criterion for models of the 
/o(975). By exploring the pole positions of the vrvr T-matrix (see Table 0) we found the 
/o(975) to be a narrow KK bound state of relatively large mass {iTLf,^= 1015 MeV). We also 
found a very broad o"(400) pole on the [bt] sheet (cf. Ref. |]10[) which generates the large 
TTTT S-wave phase shifts below 1.0 GeV. For high energies, the pole of a heavy scalar particle 
with qq structure is observed on the [bb] sheet which is interpreted as a mixture of two scalar 
mesons, such as /o(1400) and /o(1590). 

A consistent extension of our model to the nrj channel generates a pole on the [bt] sheet 
relatively close to KK threshold. Looking at the corresponding ttt] cross section we find a 
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peak structure in reasonable agreement with the experimental information available for the 
parameters of the ao(980). However, the mass and width derived from the pole position 
show the ao(980) to be rather broad. We discussed the role of the direct KK interaction for 
our results and found it to be not essential for the generation of a pole though it improves 
the agreement with experimental data. The origin of the \bt\ pole assigned to the ao(980) is 
therefore the transition potential tit] -^ KK. 

In conclusion, both scalar mesons, /o(975) and ao(980), result from the coupling to 
the KK channel which explains in a natural way their similar properties. The underlying 
structure, however, is quite different. Whereas the /o(975) appears to be a KK bound state 
the ao(980) is found to be a dynamically generated threshold effect. To finally decide about 
the parameters of these mesons additional experimental information on KK production and 
the TTT] system is required. A corresponding experiment is, for example, proposed for the 
Jiilich proton synchrotron COSY |2^ . 
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APPENDIX A: POTENTIAL EXPRESSIONS 



In this appendix we give explicit expressions for the potential describing the interaction 
between two pseudoscalar mesons of mass nip. Some of them have already been derived in 
0. We write Vg/t = K/t(^3, k^; ki, k2] E) where fci — ^4 are the four-momenta of the external 
mesons and the subscript denotes an s- or t-channel exchange. We have 



Scalar-meson exchange: 



C 



pps 



9pps 



d'^M 



p'-'^fpfs 
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4Ch^J4k2uK 



Vector-meson exchange: 



,, _^^ {ki-k,nk,-k,rele. 



Tensor-meson exchange: 



C-ppt = -^d^<Ppd''<Pp4>t,,u 
rrip 



C 

^< = ^ ^{klfiksu + k3^ki,y){k2ak4T + ki„k2-r 



^l A 



X- 



^*HU^ar 



C 
Vs = ^ Y^{ki^k2y + k2^ki^){kzakir + k^^k^r] 



^P A 



■ S - Mn^ 



(A3) 



Here, e^ denotes the polarization vector of an exchanged vector meson, which depends on the 
exchanged momentum and hehcity A, while e^^ is the corresponding object for exchanged 
tensor mesons. The mass of the exchanged particle is denoted by M . For s-channel processes 
the multiple scattering series renormalizes the exchanged meson so a bare mass Mq is used, 
which in each case is adjusted to fit an observed resonance. 

The -u-channel contributions can be obtained by exchanging ^3 and A;4 and replacing t 
by u. 

The overall factor C is given by 

C = g'fnF\ (A4) 

17 



Here, F denotes a standard form factor of dipole type 

t-, M-channel: F - 



2A2-M2 V 



.-channel: F = (^ ^A^-^k^ J ^^^^ 

where k and k' denote the initial and final cm. momenta and kQ{E) is the on-shell momentum 
defined in Eq. (J^). [For s-channel, the F"^ appearing in Eq. ( |A^) is really F{k.)F(k.').] The 
corresponding cutoff masses A, together with coupling constants g'^/An, isospin factors / 
and bare masses Mq, are given in Tables |-|V[ The isospin factors / are derived from the 
standard isospin structure of the Lagrangians, which was suppressed in Eqs. (|A1|) -([A^. 
The factor n takes into account the normalization of states for identical particles [^]. It is 
1/2 for TTTT -^ TTTT, l/-\/2 for TTTT -^ KK and 1 for KK -^ KK, -kt] -^ txt] and txtj -^ KK. 

To evaluate the potentials explicitly the BbS off-shell prescription has to be applied for 
the different momenta; 

k,= h^ + c,^- fc2=(^-c,-kV (A6) 

and 

k,= {^ + d,\^i- A;4 = (^ - c', -k'^ , (A7) 

where 

Z, r"^ for vrr? 

'^ _ (A8) 

for TTTT, KK. 

Finally, a standard partial wave expansion is performed to obtain potentials suitable for 
use in Eq. (p. 
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FIGURES 

FIG. 1. Diagrams included in the potentials vrvr — > vrvr, vrvr — > KK and KK -^ KK. 

FIG. 2. Sheets of the energy plane and their labeling. In parentheses we have given the con- 
ventional notation. The double lines symbolize vrvr and KK unitarity cuts. 

FIG. 3. Rotated integration contours used for evaluating the integrals of Eqs. @ and (^. 

FIG. 4. Diagram included in the potential vrr/ -^ KK. 



FIG. 5. Results of the modified Jiilich vrvr interaction model. Data are from Refs. |21-23|. The 
solid line shows the result of our full model. For the dashed line in 5qq we have excluded the e 
s-channel pole diagram. The dotted line contains only t- and u-channel p exchange. 

FIG. 6. The positions of the o"(400) pole on \bt\ and its shadow pole on \bb] for our full model 
(squares). For decreasing tttt/KK coupling they move along the curves indicated and the dot gives 
their position in the zero coupling limit. 

FIG. 7. The /o(1400) pole on [66] and its shadow pole on [bt]. Notations are as in Fig. y. For 
point A, only the diagram vrvr — > e ^ vrvr is considered while point B includes in addition the 
i-channel diagrams for vrvr -^ vrvr. 

FIG. 8. The /o(975) pole on [bt]. Notations as in Fig. |. 

FIG. 9. The calculated JI = 00 vrvr cross section. 

FIG. 10. Fit to J/^p -^ (pmr/cpKK data. The upper panel shows the fit to data of Ref. and 
the lower panel to Ref. M. 
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FIG. 11. The movement of the KK bound-state pole as the strength of p exchange decreases 
(finally becoming repulsive). Starting point is the attractive interaction corresponding to the tttt 
system where / = (isospin factor / = — 3) which gives rise to the bound state (dot). 

FIG. 12. The ttt] cross section (a) and the corresponding pole position (b) for different choices 
of the parameter AnKK*- A: 3.6 GeV; B: 3.1 GeV; C: 2.6 GeV. 



FIG. 13. The same as Fig. 12 but without any direct KK interaction. The values of Ar/KK* 



are A: 5.0 GeV; B: 4.0 GeV; C: 3.1 GeV. 

FIG. 14. The movement of the ao(980) pole as the ir-q/KK coupling strength is decreased. 
When the pole crosses the real axis the reduction factor is about 0.8. 

FIG. 15. The Trry cross section for our full model. 
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TABLES 
TABLE L Vertex parameters for t-channel exchanges. Relations between coupling constants 

are obtained using SU(3) and ideal mixing between the octet and singlet. 



Vertex 



9 



A [MeV] 



TTTTp 



6.04 



1355 



ttKK* 
KKp 
KKuj 
KK<t) 
7]KK* 



9ttKK* — 9t^kK* — 25'7r7rp 



9KKp — 9kKp ~ 29'^-^P 



9KKui — 9kKcu ~ 29'^T^P 



9kk4> — 9kk^ — ^9ii-Kp 

9r]KK* ^ ~9rjKK* ^ 2'3'^''^P 



1900 
1850 
2800 
2800 
3290 



TABLE IL Vertex parameters for s-channel exchanges. The exchanged meson is identified with 
a superscript (0) since it is a bare meson. The e''^^ contributes to the description of the /o(975). 
None of the other parameters contribute to /o or oq . 



Vertex 



9 



A [MeV] 



7r7re(0) 



tttt/. 



(0) 



KKf, 



(0) 



0.286 

-0.286'' 

5.32 

29-KTTp(0) 

1.23 



925 
1200 
1647 
830 
995 
937 



^Since the singlet/octet mixing angle for the scalar nonet is not known, QxKeW i^ ^ ^^^ parameter 
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TABLE III. Bare masses Mq used in the s-channel exchanges, in MeV. 



e{0) 


piO) 


J2 


1520 


1125 


1660 


TABLE IV. Isospin factors for each meson exchange diagram used. 



Potential Meson Type Factor / 

/=0 7=1 1=2 

TTTT ^ rnr p t-channel —2 —1 1 

e^'^^ s-channel 3 

p(°) s-channel 2 

/2 S-channel 3 

TTvr -^ KK K* t-channel ^6 2 — 

e''^-' s-channel — v6 — 

p^^> s-channel 2 — 

/2 s-channel — v6 — 

KT^ -^ KK p t-channel -3 1 — 

u t-channel 11 — 

<j) t-channel 11 — 

e^'^^ s-channel 2 — 

p^^^ s-channel 2 — 

/2 s-channel 2 — 

KK K* t-channel — V2 — 



TTT] 
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TABLE V. A summary of all poles found in the vrvr — KK — irr] system. 



I 


J 


Sheet 


Pole position 

[MeV] 


Comment 








[bt] (II) 


(387, ±305) 


ct(400) 








[56] (III) 


(314, ±428) 


o"(400) shadow pole 








[bt] (II) 


(1015, ±15) 


/o(975) 








[66] (III) 


(1346, ±249) 


effective /o(1400) - /o(1590) 


1 


1 


[bt] (II) 


(775, ±82) 


P 


1 





[bt] (II) 


(991, ±101) 


ao(980) 
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